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ABSTRACT

This report covers in detail the research work of the Solid State Division at Lincoln
Laboratory for the period 1 February through 30 April 1991. The topics covered are
Electrooptical Devices, Quantum Electronics, Materials Research, Submicrometer Tech-
nology, High Speed Electronics, Microelectronics, and Analog Device Technology. Funding
is provided primarily by the Air Force, with additional support provided by the Army,
DARPA, Navy, SDIO, NASA, and DOE.
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(b) illustrates the value of the (002) reflection for enhancing the satellite structure.
For both curves the origin of the angle scale is taken at the Bragg angle of GaAs,

0, (004) = 33° and @, (002) = 16°.
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(a) Experimental (002) rocking curve of a 20-period AlGaAs interference-stack
sample. (b) Simulated rocking curve with best-fit parameters, in which the peaks
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curvature has been introduced to broaden the simulated peaks.
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XPS spectra taken at 45° takeoff angle of the F ls photoelectron of an
as-deposited WO, film on Si(100) and of samples of the same film following
three postdeposition treatments. The as-deposited film has only one peak, at
684.2 eV, and the films that have been partially etched in a CF, plasma have
additional peaks whose intensity is modified by laser exposure prior to etching.

Scanning electron micrographs of nominally (a) 0.5-um and (b) 0.35-um lines
and spaces patterned in an all-dry bilayer. First, a 1-um-thick a-C:H layer was
deposited by PECVD, and then a 75-nm-thick WO; imaging layer was deposited,
also by PECVD. Next, exposure was performed in projection with a 193-nm
excimer laser in one 20-mJ/cm? pulse, followed by dry development in a
low-power CF, plasma and pattern transfer through the ¢-C:H layer in an O,
reactive ion etching plasma.

Scanning electron micrographs of silicon trenches filled by deposited oxides
(cleaved profile). Note the excellent filling and planarization of the substrate
topography. Typical growth conditions are 2-Torr H,O, 5-Torr SiCl,, and

~ 15-min total growth time.

Low H,O pressure measurements of SiO, deposition rates. The H,O adsorption
isotherm (13°C) on the growth surface, measured in the same apparatus, is
shown as a dashed line.

Dependence of SiO, deposition on substrate temperature at fixed 0.28-Torr H,O
and 5-Torr SiCl, pressures. The solid curve is drawn as an aid to the eye.

Schematic view of a VACFET. The high field between the grid and each
knife-edge causes electrons to emit from the knife-edges into the vacuum spaces.
The electrons then move ballistically to the positively biased metal anode. A
small variation in voltage on the grid causes a large variation in anode current.

VACFET shown in (a) a cross-sectional drawing and (b) an SEM. Grooves
100 nm wide are cut through an insulator-metal-insulator sandwich, and then
hafnium is evaporated to form the knife-edges as well as to close off the
vacuum spaces.

SEM of a completed VACFET. The internal vacuum cavities of the device
are sealed during the fabrication process, enabling these devices to be
subsequently tested and used in circuits in the same manner as typical
semiconductor devices.

Schematic diagram of a test structure consisting of a GaAs rod with
vertical-sidewall epilayers and wrap-around ohmic contacts.

SEM showing a vertical-sidewall test structure.
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SEM of a cleaved and stained cross section from an overgrown rod. GaAlAs
was used as an interface marker layer.

Cross-sectional TEM showing the interface between a GaAs ALE layer and an
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Differential vacancy production in Si by energetic protons.
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INTRODUCTION

1. ELECTROOPTICAL DEVICES

A pair of lithium niobate traveling-wave electrooptic intensity modulators has been built and tested
for use in an optical adaptive nulling system. The device frequency responses track each other to within
0.03dB and 0.22° in amplitude and phase, respectively, over the 5- to 7-GHz frequency band. as is
required to provide attractive nulling system performance.

Monolithic two-dimensional AlGaAs surface-emitting laser arrays with etched facets and external
parabolic deflecting mirrors have been fabricated using a new self-aligned fabrication process. Initial
performance results for the arrays are very encouraging.

Monolithic two-dimensional surface-emitting arrays of folded-cavity strained-layer InGaAs/AlGaAs
and AlInGaAs/AlGaAs diode lasers have been tabricated and operated pulsed with low threshold current
densities and over 50% differential quantum efficiencies. Optical projection printing and chlorine ion-
beam-assisted etching (IBAE) were used in key fabrication steps.

Proton bombardment of n- and n*-Ga, 5,In, ,,P/GaAs heterostructures has produced regions of
high resistivity that are comparable to those normally obtained in GaAs. In the #n* matenial (n* =1 X
10'® cm 3, capacitance-voltage measurements indicate that a 0.5-um-thick layer of highly compensated
GalnP is formed after a proton bombardment of 2 X 10'* cm> at 100 keV through a 1300-A-thick Ti/Au
Schottky-barrier contact.

A 3-pm-thick epitaxial layer of Ga,In, 4P has been shown to fulfill the need for a reference
crystal for (002) reflections with GaAs-based structures. This greatly enhances the usefulne s of the
double-crystal diffractometer for structural determinations of AlGaAs¢ s'  ‘rlattices, multiple quantum
wells, and interference stacks.

2. QUANTUM ELECTRONICS

The thermal loading of Nd:YAG and Yb:YAG has been measured for diode laser excitation of the
dopant ion. In Nd:YAG the fraction of the absorbed optical power converted to heat is in the range of
0.34 to 0.43 and generally increases with doping; in one sample of Yb:YAG this fraction is O.11.

3. MATERIALS RESEARCH

Strained-layer AllnGaAs/AlGaAs graded-index separate-confinement heterostructure single-quan-
tum-well diode lasers with cavity width and length of 500 and 1000 um, respectively, have been operated
CW at a heatsink temperature of 10°C with output power up to 4.9 W/facet and power efficiency as high
as 49%. Promising results have been obtained in initial reliability tests on uncoated devices at heatsink
temperatures of 10 and 50°C.
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Gain-guided Gay) y,In; | (A 11Sb /Al 715G 25AS; 16Sb,, o, double-heterostructure diode lasers
emitting at ~ 2.2 um have been operated CW at heatsink temperatures up to 30°C. The maximum output
powers obtained at 5 and 20°C were 10.5 and 4.6 mW/facet, respectively.

4. SUBMICROMETER TECHNOLOGY

Thin films of WO, have been used as dry-deposited. dry-developed inorganic resists for 193-nm
projection lithography. Negative-tone patterning with sub-0.5-um resolution was obtained with laser pulses
that modify the atomic arrangement in this amorphous material.

A new method for controlled, room-temperature deposition of S10, thin films has been demon-
strated. Under optimized conditions, the surface chemical reactions between adsorbed water and gaseous
SiCly result in the growth of stoichiometric. conformal. and hermetic films.

5. HIGH SPEED ELECTRONICS

A vacuum field-emitter triode has been fabricated consisting of an array of microtriode cells, each
sealed under vacuum and containing a single knife-edge field-emission cathode. The grating periodicity
in the device is .2 um, making it by far the smallest-geometry vacuum triode ever reported.

Electrical and structural measurements have been performed on novel test structures fabricated
from GaAs layers grown by atomic layer epitaxy on the vertical sidewalls of rods formed by IBAE. The
results indicate that the properties of the layers are suitable for fabricating electronic, electrooptic, and
photonic devices.

6. MICROELECTRONICS

A method of suppressing charged-particle events resulting from high-energy radiation has been
demonstrated on a charge-coupled device (CCD) imager made on high-resistivity material, A reverse-
biased junction on the back of the device is used to create a depletion region extending through a major
fraction of the device thickness and to remove charge generated in this region.

An analytical model of the generation of vacancy detects in 81 due to both incident protons and
the resulting Si cascades has been derived. This computer simulation runs much more rapidly than the
public domain program TRIM. agrees well with TRIM over 6 orders of magnitude of proton energies,
and predicts that protons with energies of ~ 100 keV are the most damaging to the Si in the region of
the buried channel of a CCD.

7. ANALOG DEVICE TECHNOLOGY

A quad CMOS buffer has been produced using a 2-pum CMOS/CCD process developed for the
realization of high-performance analog signal processing devices. Test results show that this buffer can
drive a 25-pF capacitive load in 1.2 ns. which is a sigaificant improvement in current drive capability
over commercially available parts.
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The laterally confined modes that propagate on coplanar parallel strip transmission lines and their
duals, obtained by interchangin2 conductor and gaps along the piane, have natural characteristic imped-
ance levels, which can be modified only slightly by reasonable choices for transverse dimensions. Cal-
culations based on the quasi-TEM model and very thin conductors indicate that, for a given average
separation, the greatest isolation between adjoining structures occurs tor properly designed systems of
three conductors with the center conductor driven in one polarity and the outer conductors driven in the
opposite polarity.

The coupling of thermal and electrical properties of materials by magnetostriction or electrostriction
to provide electrocaloric refrigeration has been investigated. The study found that the modest thermal
expansion of solids limits electrocaloric heat pumps to no-load differentials of only a degree or two per
stage and to discouragingly low coefficients of performance.

XV
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1. ELECTROOPTICAL DEVICES

1.1 INTEGRATED-OPTICAL MODULATORS FOR AN ADAPTIVE NULLING SYSTEM

An optical adaptive nulling systeni is being developed for microwave/millimster-wave multielement
antenna systems {1}. A critical device requirement for this system is a set of high-speed electrooptic
modulators with closely matched frequency responses. We have built and tested a pair of LiNbO,
traveling-wave interferometric modulators meeting the nulling system requirements, with frequency re-
sponses that track each other to within (0.03 dB and 0.22° in amplitude and phase, respectively, over the
5- to 7-GHz frequency band.

A block diagram of a portion of the optical adaptive nulling system is shown in Figure 1-1. At the
front end of the system. an optical carrier wave is intensity modulated by the electrical signal from each
antenna element. Next. amplitude and phase weighting is implemented in the optical domain using optical
modulators. The weighted optical signals are then combined and detected to provide the antenna output.
The weights are set by control signals to achieve the desired antenna pattern and null placement.
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Figure I-1. Block diagram of »ptical nulling system. Two channels are shown, with the solid lines and dashed lines
indicating optical and electrical paths, respectively.

A key advantage of the optical adaptive nulling implementation is the reduction in the number of
electrical components required to meet difficult channel-tracking specifications. To achieve 40-dB nulls,
variations in the amplitude and phase response of each channel must track the variations of all other
channels to within 0.1 dB and 0.8°, tespectively, over the system bandwidth. To meet this condition, the
weights must provide nearly uniform amplitude and phase offsets across the system frequency range.
While this requirement is difficult to achieve working entirely in the electrical domain. channel tracking
is relatively simple to obtain using optical components because the system electrical bandwidth is very




small compared with the optical carrier frequency. For example, amplitude weighting is easily achieved
with an adjustable optical attenuator, ensuring uniform weighting over a multigigahertz optical modula-
tion bandwidth.

The potential advantages of an optical nulling system can only be realized if the front-end electrooptic
modulators meet the required channel-tracking performance. Channel tracking was confirmed over the 5-
to 7-GHz frequency band using LiNbOj traveling-wave modulators designed for operation at 1.3 um. The
traveling-wave electrode interaction length was 9 mm, which provided good response over the frequency
band. Following the active modulator portion of the electrode structure was a long transmission line
section with moderate attenuation which, along with matched termination resistors, minimized the effect
of reflected electrical signals. This design feature contributed to providing a well-defined and reproduc-
ible frequency response.

The modulators were tested in a simple optical link arrangement consisting of a CW laser, optical
modulator, and detector. Network analyzer S,, measurements were taken between the electrical input to
the modulator and the electrical output of the detector. Twe modulators, built separately but with identical
fabrication parameters, were tested and the results are shown in Figure 1-2. Amplitude and phase tracking
is achieved to within 0.03 dB and 0.22°, respectively. This performance offers the possibility of achieving
null depths of between 45 and 50 dB in an optical nulling system.

L. M. Johnson W. K. Hutchinson
H. V. Roussell A. Sonnenschein
G. E. Betts

1.2 SELF-ALIGNED FABRICATION TECHNIQUE FOR TWO-DIMENSIONAL
SURFACE-EMITTING DIODE LASER ARRAYS

Monolithic two-dimensional AlGaAs surface-emitting laser arrays with external deflecting mirrors
have been made using a new fabrication process that self-aligns the deflecting mirrors to the facets in
order to reduce alignment tolerances. This process, which is also applicable to other diode laser materials
systems, allows the fabrication of large (1 cm?) arrays with high efficiency. Performance data on dry-
etched edge-emitting and surface-emitting monolithic laser arrays are presented.

The basic design of the two-dimensional monolithic laser arrays has been described previously
{2]1,[3]. A combination of straight and angled dry etching is used to produce arrays of edge-emitting
horizontal-cavity lasers that deflect the radiation normal to the surface, as shown schematically in Figure
1-3. The laser material structure, laser geometry, and external deflecting mirror design have been im-
proved to achieve higher external differential quantum efficiencies and lower threshold current densities.

The arrays are fabricated from graded-index separate-confinement heterostructure single-quantum-
well (GRINSCH-SQW) AlGaAs material grown by organometallic vapor phase epitaxy (OMVPE). The
10-nm-thick quantum well contains 7% AlAs. The GRIN regions on both sides of the quantum well are
graded from 30 to 60% AlAs over ~ 200 nm, making the total confinement region ~ 410 nm thick.
Typically, the threshold current density is 200 A/cm?, the external differential quantum efficiency is 40%
per facet, and the full width at half-maximum (FWHM) of the beam is < 35° [4].
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Figure 1-2. Measured (a) amplitude and (b) phase response of two lithium niobate traveling-wave modulators.




Figure 1-3. Schematic diagram of the geometry of the monolithic laser array.

The laser geometry has been optimized for high-power operation [5]. The laser cavity length is
1 mm, and the laser stripes are 45 um wide on 85-pm centers. The collection efficiency of our latest
devices has been increased by moditying the deflector geometry. The junction depth is increased to 2.5 um,
the facet-deflector spacing is reduced to 1.5 um, and the distance between the facet and the top of the
deflecting mirror is reduced to 4.5 um after coating. The f-number of the parabolic deflecting mirror is
~ 0.85.

To obtain high collection efficiency, the detlectors must be aligned to the facets with a tolerance
< 0.5 um {3]. Maintaining this alignment precision over a 1-cm? array is difficult. A self-aligned fabri-
cation process has been developed to reduce the alignment error, as illustrated in Figure 1-4. A 70-nm
nickel mask, fabricated with a conventional lift-off technique, is used to define the edges of both laser
facets and both deflecting mirrors. The boundary of the laser facets is defined with an additional pho-
toresist mask, and the facets are etched to a depth of 4 um by ion-beam-assisted etching (IABE). The
two parabolic deflecting mirrors are fabricated separately. A photoresist mask is placed over the nickel
mask to protect both facets so only the region to be etched is exposed. The deflecting mirror is etched
using a high-precision computer-controlled tiltable sample holder.

Once the laser facets and deflecting mirrors are etched. the facets and parabolas are masked with
photoresist and the nickel etch mask is removed with HCIl. Next, Ti/Au p-type contact and deflecting
mirror metallizations are deposited with two successive angle evaporation and metal lift-off steps. A
shallow proton bombardment patterned with a photoresist mask confines the current to 45-um-wide stripes
on 85-um centers, while a deep proton bombardment midway between the laser stripes introduces enough
optical loss to prevent transverse lasing. Finally, the substrate of the laser is thinned to ~ 75 uym and a
AuGe n-type contact is deposited and then alloyed using a rapid thermal alloying system.
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Figure I-4. Self-aligned process for fabricating the laser facets and parabolic deflecting mirrors.

The masking and facet-etching techniques have been evaluated by fabricating broad-area etched-
facet lasers and cleaving them in close proximity to the etched facets. Lasers with two etched facets are
found to have efficiencies and threshold current densities comparable with cleaved lasers. The light output
power vs current characteristics of a typical etched-facet edge-emitting laser is shown in Figure 1-5. This
laser has a threshold current density of 250 A/cm? and a differential quantum efficiency of 39% per facet.

Initial results for surface-emitting lasers made using the self-aligned deflector fabrication process
are very encouraging. A near-field pattern of two rows of 24 surface-emitting lasers is pictured in Fig-
ure 1-6. The light output power of one row is shown in Figure 1-7. The threshold current density is
~250 A/cm? and the differential quantum efficiency is ~ 31%. The low quantum efficiency of the etched-facet
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Figure 1-6. Near-field pattern of two rows of 24 surface-emitting lasers.
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Figure 1-7. Power output vs current for a monolithic surface-emitting laser array.

surface-emitting lasers compared with the etched-facet edge-emitting lasers is attributed to facet rough-
ness produced during the additional processing steps. After these devices were made, we discovered that
the unprotected AlGaAs at the mirror facet was severely etched by the photoresist developer during the
p-type metallization step. Efforts to protect the facet during this processing step are under way.

K. Rauschenbach
C. A. Wang
G. A. Ferrante

1.3 FABRICATION OF HIGH-EFFICIENCY TWO-DIMENSIONAL SURFACE-EMITTING
InGaAs/AlGaAs AND AllnGaAs/AlGaAs DIODE LASER ARRAYS

The first demonstration of monolithic two-dimensional arrays of folded-cavity surface-emitting
strained-layer InGaAs/AlGaAs and AllnGaAs/AlGaAs diode lasers is reported. These arrays, which use
two 45° internal mirrors [6]-[8] and two top-surface facets, are fabricated with a self-aligned process and
IBAE [9]. The InGaAs and AlInGaAs arrays emit at 1.03 and 0.815 um, respectively, have low threshold
current densities (between 160 and 240 A/cm?), and display differential quantum efficiencies as high as 56%.




The InGaAs/AlGaAs and AllnGaAs/AlGaAs wafers used for the arrays were grown by OMVPE
and contain a single InGaAs or AllnGaAs quantum well symmetrically positioned in an optical cavity.
The layer structures are similar to strained-layer InGaAs and AllnGaAs structures previously reported
[10],[11). We chose AllnGaAs over AlGaAs as the quantum-well material for 0.815-um operation be-
cause preliminary investigations indicate that strained-layer AlinGaAs diode lasers have lower threshold
current densities, may be less susceptible to processing-induced defects, and therefore may be more
reliable than their counterparts with AlGaAs quantum wells.

The design of the laser arrays is shown schematically in Figure 1-8. Since total internal reflection
occurs at the surface of the folding mirrors, high-reflectivity coating of the mirror surfaces is not required.
Emission occurs through window regions in the top-surface facets at the ends of each laser element.
Figure 1-9 is a scanning electron micrograph of an etched 45° cavity-folding mirror from one of the
arrays. Optical pattern-generator masks, optical projection printing, and chlorine IBAE were used in this
key fabrication step.

The arrays were evaluated during pulsed operation (100-ns pulses, 1-kHz repetition rate). Figure
1-10 shows the near-field pattern taken at about twice threshold for a AlInGaAs/AlGaAs array consisting
of two rows of 24 elements each, all bonded in parallel. The SiO, encapsulation and the absorbing GaAs
cap layers were removed from the top-surface facets in the AlInGaAs/AlGaAs arrays. The threshold
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Figure 1-9. Scanning electron micrograph showing a 45° cavity-folding mirror from one of the AllnGaAs/AlGaAs
arrays.
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current for the best of these arrays, a 17-element device, is about 92 mA per laser, which corresponds
to a threshold current density of 230 A/cm2. The peak output power was ~ 15 W at 20 A, and the
differential quantum efficiency was ~ 53%. We also measured a number of InGaAs/AlGaAs arrays. The
best of these, a 16-element device, exhibited an average threshold current of ~ 74 mA per laser, which
corresponds to a threshold current density of 185 A/cm?, and a differential quantum efficiency of ~ 56%.
A plot of output power vs current for this array is shown in Figure 1-11. These results indicate that it
should be possible to make high-performance monolithic arrays over the entire wavelength range from
0.7 to 1.1 um.

W. D. Goodhue K. Rauschenbach
J. P. Donnelly R. J. Bailey
C. A. Wang G. D. Johnson
G. A. Lincoln
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Figure 1-11. Pulsed output power vs current for a one-row, 16-element InGaAs/AlGaAs array. The current pulses
were 100 ns wide at a 1-kHz repetition rate, and the differential quantum efficiency was ~ 56%.
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Heterostructures epitaxially grown on GaAs play a major role in optoelectronic device technology.
At present, most GaAs heterostructure devices are based on the AlGaAs/GaAs materials system. This
system is relatively easy to grow because of the close match in lattice constant of GaAs and AlAs.
Recently, interest has developed in using lattice-matched GalnAsP (which includes the ternary Gay) 5,In; ,oP)
to replace AlGaAs. Elimination of Al-containing alloys would provide the device designer with fabrica-
tion techniques, such as etch and regrowth or mass transport, which are impossible or extremely limited
in the AlGaAs/GaAs system. In addition, preliminary results indicate that this materials system may be
more resistant to device degradation. Realizing the possibility that a whole range of new integrated-optical
device structures could be based on these Al-free alloys, we have begun to investigate the potential use of
proton bombardment and ion implantation in this system. In this section, some preliminary results on the use
of proton bombardment to produce high-resistivity regions in Ga, 5,In, P are reported.

For these experiments, two different lattice-matched Ga, 5,In, ,oP layers were grown on n*-GaAs
(n* = 2 X 10'® cm3) substrates. The first was a nominally undoped layer (n = 8 X 10'5 cm3) about
0.7 um thick, while the second was a Si-doped layer (n* = 1 X 10'® cm™3) about 1.0 um thick. The epitaxial
growth of GalnP/GaAs was performed by OMVPE using an atmospheric-pressure chimney reactor [12].
Uniform growth over a 50-mm-diam substrate was obtained by susceptor rotation. Growth was made at
650°C using GaAs substrates oriented 2° off (100) toward (110). Trimethylgallium, trimethylindium,
arsine, and phosphine were used as precursors, and silane in H, was employed as the n-type dopant.

Prior to the proton bombardment a Ge/Au/Ni/Au alloyed ohmic contact was made to the back of
the n-GaAs substrate, and 20-mil-diam Ti/Au Schottky-barrier contacts (an array) were made to the
surface of the GalnP layer. The Ti and Au were ~ 300 and 1000 A thick, respectively. The Schottky-
barrier contacts facilitated capacitance-voltage (C-V) measurements for carrier-concentration depth pro-
filing. After a repetitive series of C-V measurements and incremental-dose proton bombardments, the
carrier compensation effects were evaluated by plotting the various concentration depth profiles on the
same scale. These initial experiments used 100-keV protons, and the energy lost in the Ti/Au contacts
was considered in determining the penetration depth of the protons.

Figure 1-12 shows the electron carrier concentration vs depth of a nominally undoped n-GalnP
epitaxial layer for incremental proton doses of 1 X 10'! cm™. The uppermost curve is for an unimplanted
sample, and the C-V data indicate that the zero-bias depletion region extends about 0.3 um below the
surface. The steep rise at about 0.7 um is due to the n*-GaAs substrate. As the proton dose is increased,
the carrier concentration decreases and the zero-bias depletion region extends deeper into the GalnP.
Finally, at a dose of 4 X 10'! cm™2, the GalnP layer appears to be fully compensated. A second undoped
sample, which was bombarded with a dose of 2 X 10!3 cm™, 100-keV H*, exhibited compensation that
was thermally stable for an annealing cycle of 400°C for 30 min.

For the n*-GalnP, changes in the carrier concentration were not observed until a total proton dose
of 1 X 10'2 ¢cm'2 was attained. Each profile in Figure 1-13 represents a decrease in the electron carrier
concentration that results from an incremental increase in dose of 2 X 10'2 cm™2. Once a proton dose
>1 X 10"* cm? is reached, the carrier concentration decreases dramatically, and the first 0.5 um of the
n*-GalnP becomes completely compensated after receiving an accumulated dose of 2 X 10'¥ cm™. At
higher doses (1 X 10'* cm2), the compensated thickness reaches about 0.6 um and changes very little
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Figure 1-12. Electron carrier concentration vs depth obtained from C-V data of 100-keV, proton-bombarded n-
GalnP for incremental doses of 1 X 10" cm™2.
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Figure 1-13. Electron carrier concentration vs depth obtained from C-V data of 100-keV proton-bombarded n*-
GalnP for incremental doses of 2 X 10" em?.
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with further increases in dose. Up to a dose of 8 X 10'? cm2, the change in carrier concentration appears
to be fairly linear as a function of dose. A plot of An (change in carrier concentration) vs accumulated
dose yields a carrier removal rate of about 5 electrons per proton-micrometer a a depth of 0.05 um from
the surface. Because of differences in experimental parameters, specific comparisons with other materials
systems are hard to make, but this measure of the electron compensation rate in GalnP agrees very well
with that observed in GaAs {13].

In conclusion, a preliminary investigation of the proton bombardment in n- and n*-GalnP indicates that
highly compensated layers similar to those obtained in GaAs can be realized. This finding is encouraging from
the viewpoint of being able to fabricate planar integrated-optical devices and circuits in this materials system.
A more detailed study in both n- and p-type GalnP is being carried out to determine the energy-dependent
resistivity as a function of depth as well as the thermal stability of these proton-bombarded layers.

J. D. Woodhouse S. H. Groves
S. C. Palmateer J. P. Donnelly

1.5 Gayglng P AS A REFERENCE CRYSTAL FOR (002) ROCKING CURVES OF AlGaAs
LAYERED STRUCTURES

Superlattice (SL) and multiple-quantum-well (MQW) structures are valuable for studies of low-
dimensional physics and for extracting information about crystal growth processes. Along with interfer-
ence-stack structures, they are also finding application in electronic and optical devices. The structural
evaluation of these layered materials is usually made with high-resolution x-ray diffraction. To be effec-
tive, however, the x-ray scattering from barrier and well materials must differ. If there is a lattice constant
change (strained-layer structures), the layered nature of the structure produces the characteristic pattern
with satellite peaks in the rocking curve. For lattice-matched structures, such as those made up of AlGaAs
alloys, the situation is more difficult, and the necessary interference of diffracted beams to produce the
satellite structure must come from different structure factors. In this case it is important to be able to
select Bragg reflections such as the (002), in which reflections from the group III and group V sublattices
are out of phase, to enhance the structure-factor difference. The double-crystal diffractometer is a com-
monly available instrument that is well suited for high-resolution studies. Unfortunately, a first crystal for
(002)-reflection studies of GaAs-based materials has not been available. Here, we demonstrate that
epitaxial Ga, 5,Ing 40P (referred to as GalnP), which is lattice matched to GaAs, fills this need.

Figure 1-14 shows a simulated rocking curve, generated with RADS commercial software, of (004)
and (002) Bragg reflections for a MQW with Alj sGa, ;As barriers and GaAs quantum wells. Similar
curves are obtained if the barrier material is GalnP. In the case of the (004) rocking curve, there is barely
enough information to extract just the period and the average composition of the MQW. However, for
the case of the (002) rocking curve, the compositions and thicknesses of the individual wells and barriers
can be accurately determined from the abundant satellite structure. For the zinc blende lattice, the struc-
ture factors are IF | = 4f},, + fyl and IF ol = 4if,,, — fl, where f;; and f,, are the atomic scattering factors
for the group III and group V elements, respectively. Because of the similarity in size of f;, and f, . Fy»
for GaAs is small in comparison to that for Al ;Ga, sAs. This enhances the contrast between layers for
the (002) reflection, which in tum causes the many satellites in the (002) rocking curve.
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Figure 1-14. (a) Simulated (004) rocking curve of a MQW structure with 10-ant GaAs wells and 50-nm Al ;Ga,, As
barriers repeated five times. (b) Simulated (002) rocking curve of the same MQW structure. A comparison of (a)
and (b) illustrates the value of th. ~ 02) reflection for enhancing the satellite structure. For both curves the origin
of the angle scale is taken at th 1g¢ angle of GaAs. ¢g (004) = 33° and ¢g (002) = 16°.

14




Unfortunately, the small size of Fy, for GaAs also means that the reflected (002) intensity from this
material is weak, as shown in Table 1-1, which makes it unsuitable as the reference crystal for the (002)
reflection with a double-crystal diffractometer. Because of this problem, AlGaAs/GaAs SL. and MQW structures
were first analyzed using the (002) reflection with single-crystal diffractometers. More recently, the four-
crystal diffractometer, providing a source of x-rays that is well defined in both wavelength and direction, has
provided much more suitable instrumentation for high-resolution studies [14]. However, such instruments are
relatively expensive and not readily available. Double-crystal diffractometers, on the other hand, have become
standard characterization tools serving many epitaxial-growth facilities. Consequently, finding a suitable first
crystal, lattice matched to GaAs, for (002) rocking curves would be of considerable value.

In this search we have investigated the use of epitaxial AlAs and GalnP. With the assumption of good
crystal quality, the reflected intensity depends on the ratio of the elastic to inelastic scattering. The strength
of the elastic scattering, proportional to the structure factor, is represented by the inverse of a thickness called the
extinction depth. The inelastic scattering is proportional to the mass absorption coefficient, or inverse absorption
depth [14]. Several calculated reflectivities for bulk material and layers 3 um thick are given in Table 1-1.
The reasonably high reflectivity for the thin layers provides the motivation for evaluating epitaxial materials.

TABLE 1-1
Reflectivities for Epitaxial Materials

Reflectivity
Material Reflection Bulk Material 3-um Layer
GaAs (004) 0.87 —
GaAs (002) 0.08 —
AlAs (002) 0.88 0.77
GalnP (002) 0.81 0.76

In an initial attempt to find a first crystal, 4 um of AlAs was grown on a GaAs substrate by OMVPE.
A layer of GaAs, 50 nm thick, was grown on top in an attempt to prevent oxidation of the AlAs. The
necessary long-term stability was not achieved, and efforts were then tumned to evaluating epitaxial GalnP.
The morphology of GalnP grown by atmospheric pressure OMVPE depends on factors such as substrate
orientation and layer thickness. Mirror-smooth morphology, assessed by Nomarski-contrast optical micros-
copy, is obtained for growth on substrates oriented S° off (001) toward [110] for layers up to ~ 1.5 um thick.
These typically give x-ray linewidths of 20 to 25 arc sec (FWHM). For this study. a layer 3 um thick was
grown on this orientation. Some surface roughening occurred due to the thickness, and the linewidth for the
(004) reflection increased to 30 arc sec. Two pieces of this material were used to obtain a (002) rocking curve
with the satisfactory first results of 43-arc sec linewidth and 2.2 X 10%-counts/s pcak intensity.
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Figure 1-15. (a) Experimental ((002) rocking curve of a 20-period AlGaAs interference-stack sample. (b) Simu-
lated rocking curve with best-fit parameters, in which the peaks due to the substrate and the various satellite orders
are labeled. Some sample curvature has been introduced to broaden the simulated peaks.




Figure 1-15(a) shows a (002) rocking curve run with this material as a first crystal and a sample
with a repetitive stack of two AlGaAs alloys as the second crystal. The curve was recorded with steps
of 4 arc sec and a count time of 180 s. Satellite peaks of orders —14 to 12 are seen. The (004)-reflection
rocking curve of this sample, with GaAs as the first crystal, shows only peaks of orders —4 to 8. A best-
fit simulated curve for the (002) relection is shown in Figure 1-15(b). (A (002) rocking curve on this
sample was run on a four-crystal diffractometer by Dr. T. Ryan of Philips Analytical. For a comparable
scan time, satellite peaks of orders —22 to 25 were detected.)

In conclusion, we have demonstrated that epitaxial GalnP can fill the need for a first crystal for
(002) rocking curves on materials lattice matched to GaAs. A layered AlGaAs sample has been run with
(004) and (002) Bragg reflections, and the latter gives about double the number of satellite peaks. Further
improvements in crystal quality and instrumentation are expected in this effort to obtain (002) double-
crystal rocking curves on GaAs-based structures. On the other hand, the double-crystal diffractometer,
which has high angular resolution but is nondispersive, is unlikely to produce results that are fully
comparable to thece of the four-crystal diffractometer, where the x-ray wavelength is also well defined.
The virtue of the approach demonstrated here is that it makes use of a commonly available instrument,
and it produces results that are sufficiently detailed for many structural determinations.

S. H. Groves D. R. Calawa
S. C. Palmateer C. A. Wang
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2. QUANTUM ELECTRONICS

2.1  THERMAL LOADING IN Nd:YAG AND Yb:YAG

Thermal loading in solid state laser materials limits the performance of the lasers. Thermal gradi-
ents cause effects such as thermooptic distortion, stress-induced birefringence, and, at the highest power
levels, stress fracture and melting. Gain media with low thermal loading offer the potential for higher
average power scaling because of the reduced thermal effects. We have measured the fraction of absorbed
optical power from diode lasers that is converted to heat, 7,, in Nd:YAG and Yb:YAG and show that
Yb:YAG has lower fractional thermal loading, as expected.

Heating in Nd:YAG and Yb:YAG is expected to be primarily due to the quantum defect, i.e., the
difference between the pump photon energy and the fluorescence or laser output photon energy. In
Nd:YAG the average fluorescence wavelength from the upper laser level is 1.038 um; in Yb:YAG the
average fluorescence wavelength is 1.008 um. Thus, for 808-nm diode-laser pumping of Nd:YAG, 1,
should be 0.22 in the absence of stimulated emission, if the radiative quantum efficiency 7, of the Nd:YAG
is 1. For 943-nm pumping of Yb:YAG, 1, should be 0.064 if 1, = 1. For CW laser operation far above
threshold, 7, is given by the difference between the pump and laser photon energies divided by the pump
photon energy if every excited ion contributes to laser oscillation.

We measure 1, using a calorimetric technique. The material under test is suspended in air by a
thermocouple. A low-intensity pump beam is incident on the sample, and the absorbed power is mea-
sured. The temperature of the sample is allowed to come to steady state before the laser is turned off,
and the temperature is measured as a function of time. The fractional thermal loading is calculated from
the steady-state temperature rise AT, the time constant 7 for the temperature to return to ambient, and the
absorbed power P as

('pmAT
77,, = TP D (21)

abs

where ¢_ is the heat capacity and m is the mass of the sample. The measured fractional thermal loading
of five samples of Nd:YAG with various doping levels is shown in Figure 2-1. The expected thermal loading
shown is calculated from the quantum defect and the known concentration quenching in Nd:YAG (1]. As
expected, higher-doped Nd:YAG in general has higher thermal loading because of concentration quenching
effects that lower the radiative quantum efficiency. For a sample of YAG doped with 6.5 at.% Yb, the
measured 7, is 0.11. This number represents an upper bound because no correction has been made for
additional thermal loading by radiative trapping, i.e., fluorescent photons that are reabsorbed, which can
be significant in Yb:YAG.

The fractional thermal loading can be used to calculate the radiative quantum efficiency 7], of these
materials. If we assume that the excitation of nonradiating ions is converted entirely to heat, the radiative
quantum efficiency is given by

-7
n = h

= . (2.2)
ro|- nQD
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Figure 2-1. Fractional thermal loading for five samples of Nd:YAG pumped at 808 nm with low pump intensity.
The curve shows the expected thermal loading due to the quantum defect and concentration quenching.

where 1, is the thermal loading that would occur if the heating were due only to the quantum defect.
The Yb:YAG has n, > 0.96, while the 1.1%-doped Nd:YAG samples have 7, in the range from 0.73 to
0.84. In the absence of excited-state absorption and upconversion effects, high 7], means that the quantum
slope efficiency of a laser will also be high. Thus, Yb:YAG lasers are expected to have good slope
efficiency. Low 7, does not necessarily imply low quantum slope efficiency in laser operation; the slope
efficiency is dependent on the mechanism responsible for low 7,.

To investigate the effect of nonunity 77, on Nd:YAG laser operation, we performed calorimetry
measurements on one of the 1.1%-doped Nd:YAG samples (with 7, = 0.43) during CW laser operation.
This sample was antireflection coated for 1.06-um radiation and inserted into a cavity with round-trip
intracavity loss of ~ 2%. The measured thermal loading is shown in Figure 2-2 as a function of the ratio
of pump power to threshold power. If all the dopant ions participate in laser oscillation, 7, should ap-
proach ngp = 0.24 well above threshold. We have projected that the asymptotic limit well above thresh-
old is 0.36, which indicates that some ions are acting as so-called dead sites, i.e., ions that are excited
but do not contribute to laser oscillation. Dead sites in Nd:YAG have been previously postulated in order
to explain experiments in which the pump wavelength was near 590 nm (2]. Based on our analysis, the
fraction of dead sites is about 0.15. The effect of dead sites is to decrease laser efficiency and increase
thermal loading.
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solid line is a model fitted to the data that praojects 0, = 0.36 for laser operation very far above threshold. The
vertical . ars represent errors that occur from measurement to measurement and do not include systematic errors
such as imperfect power meter calibration and uncertainty in the heat capacity.

In summary, we have measured the fractional thermal loading in Nd:YAG and Yb:YAG with
optical pumping and found it to be at least a factor of 3 lower in Yb:YAG. Measurements of thermal loading
during laser oscillation have produced evidence of dead sites in Nd:YAG, which decrease laser efficiency.

T. Y. Fan
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3. MATERIALS RESEARCH

3.1 HIGH-POWER AllnGaAs/AlGaAs STRAINED SINGLE-QUANTUM-WELL
DIODE LASERS

Recently we reported [1],[2] AllInGaAs/AlGaAs strained quantum-well lasers, with emission wave-
lengths ranging from 785 to 890 nm, that had threshold current densities as low as 103 A/cm? and
differential quantum efficiencies as high as 90% for cavity lengths of 1500 and 300 um, respectively.
Because the density of states is reduced by compressive strain, these lasers have lower threshold current
densities than AlGaAs/AlGaAs lasers [2]. In addition, the incorporation of In in the active layer is
expected to improve the reliability of the AllnGaAs/AlGaAs lasers, since the propagation of defects
should be retarded because the In atom is larger than the Ga, Ai, and As atoms, which are almost the
same size [3]. This mechanism is believed to account for the improved reliability reported for InGaAs/
AlGaAs strained quantum-well lasers [4],15]. In this paper, we report CW operation of AllInGaAs/AlGaAs
graded-index separate-confinement heterostructure single-quantum-well (GRINSCH-SQW) lasers with
output power as high as 4.9 W/facet. Promising results have been obtained in preliminary lifetests of
devices with uncoated facets at power levels of 1 and 2 W/facet.

The laser structure was grown on a GaAs substrate by organometallic vapor phase epitaxy in a
rotating-disk reactor at low pressure. The structure consists of the following layers: 20-nm-thick n-GaAs
buffer, 0.1-um-thick n-Al Ga,_As (y linearly graded from 0.1 to 0.7 to reduce diode series resistance),
1.1-um-thick n-Al, ,Ga,, ;As cladding, 0.15-um-thick undoped Al Ga,_ As confining (y linearly graded from
0.7 10 0.3), 10-nm-thick undoped Al oIn, ;Ga, ;4As active, 0.15-um-thick undoped Al Ga, As con-
fining (y linearly graded from 0.3 to 0.7), 1.1-um-thick p-Al, ;Ga, ;As cladding, 0.1-um-thick p-Al Ga,  As
(y linearly graded from 0.7 to 0.1), and 0.1-um-thick p*-GaAs contact. The n- and p-type doping levels
in the cladding layers were varied from 10!8 to 10'7 cm™ toward the GRIN layers to reduce the optical loss
resulting from free-carrier absorption. Detailed growth conditions have been reported previously [1].

Broad-stripe lasers were fabricated by the following procedure. Mesas 500 um wide were formed
by etching the p*-GaAs and p-AlGaAs layers to a depth of ~ 0.2 um. The entire front surface was
metallized with Ti/Pt/Au to form ohmic contact to the p*-GaAs and Schottky contact to the p-AlGaAs.
The wafer was thinned from the substrate side to ~ 100 um, and contact to the n-GaAs was made by
alloying Ge/Au/Ni/Ti/Au at 390°C. The wafer was cleaved into bars 1000 um long, which were then
separated into individual chips by scribing. The laser facets were not coated.

Several lasers were mounted junction side down on copper heatsinks with In solder. The emission
wavelength measured under pulsed operation at room temperature is 855 nm. The pulsed threshold
current and differential quantum efficiency 7, for one device are plotted against temperature in Figures
3-1 and 3-2, respectively. The threshold current increases from 0.67 A at 25°C to 1.87 A at 155°C. The
values of the characteristic temperature T, are 180, 123, and 92 K for heatsink temperature ranges of 25
to 65°C, 85 to 105°C, and 125 to 155°C, respectively. The value of 17, is almost constant at ~ 73% between
25 and 105°C, then decreases gradually with increasing temperature, but is higher than 60% even at
155°C.
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Figure 3-2. Pulsed differential quantum efficiency vs temperature for the diode laser of Figure 3-1.

Figure 3-3 shows the CW output power vs current for another device at a heatsink temperature of 10°C.
The threshold current is 685 mA, and the initial 7, is 73%. The maximum power is 4.9 W/facet. At this level
the device failed catastrophically. Because the beam size in the transverse direction is ~ 0.23 um, the cata-
strophic damage threshold is > 4 MW/cm?, The power conversion efficiency is as high as 49%. The series
resistance is 0.05 Q. From data on the power efficiency and the dependence of emission wavelength on

heatsink temperature and output power, the thermal impedance is estimated to be ~ 4°C/W.
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Figure 3-4. CW output power vs current for a 500 X 1000-um AlinGaAs/AlGaAs diode laser at heatsink tem-
peratures between 25 and [25°C.

Figure 3-4 shows the curves of CW output power vs current for another device at heatsink tem-
peratures between 25 and 125°C. With increasing heatsink temperature the value of 7, decreases more
rapidly than in the case of pulsed operation because 7|, decreases with temperature. The maximum powers
obtained at heatsink temperatures of 100 and 125°C are 1 and 0.5 W/facet, respectively.
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One device was lifetested at a heatsink temperature of 10°C, first at an output power of 1 W/facet
for 1100 h and subsequently at 2 W/facet for 800 h. There was no initial burn-in before the test. Figure
3-5 shows the time dependence of the current required to maintain constant power. This current initially
increased rapidly, from 2.46 to 2.76 A in ~ 150 h, increased much more slowly to 2.88 A in the next
600 h, and then remained essentially constant for 350 h. The power was then increased to 2 W/facet. The
current to maintain this power level decreased from 4.92 to 4.62 A in 800 h. Subsequently, the power
was intentionally increased by gradually increasing the current. At ~ 2.5 W/facet the output power
suddenly decreased, probably because of facet degradation. Oxidation during the lifetest may have low-
ered the facet damage threshold.

In an initial experiment to investigate the effect of temperature on reliability, two other devices
were lifetested for 300 h at 1 W/facet, but at a heatsink temperature of 50°C. In the first 100 h, the current
values exhibited the same relative change as in 750 h at 10°C heatsink temperature. For the next 200 h,
however, there was no further change in current. These results suggest that even without facet coating
AllnGaAs/AlGaAs lasers will be very reliable.

hoi R. L. Aggarwal
J. N. Walpole

3.2 ROOM-TEMPERATURE CW OPERATION OF GalnAsSb/AlGaAsSb DIODE LASERS
EMITTING AT 2.2 um

Double-heterostructure diode lasers incorporating a GalnAsSb active layer and AlGaAsSb confin-
ing layers lattice matched to a GaSb substrate are being developed to provide emission in the 2- to
S5-um spectral range. Room-temperature CW operation of index-guided GalnAsSb/AlGaAsSb lasers
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grown by liquid phase epitaxy (LPE) has been achieved by two groups {6],{7]. We have recently reported
[8] the room-temperature pulsed operation of broad-stripe double-heterostructure Gag g4Ing | AS 14,Sbg ¢/
Al sGa, sAs ,Sby ¢ lasers grown by molecular beam epitaxy (MBE), which had threshold current
density J,; as low as 1.5 kA/cm? for a cavity length L of 700 um. These devices exhibited values of Ny
as high as 50% and pulsed output power as high as 900 mW/facet, the highest room-temperature values
for any semiconductor laser emitting beyond 2 um. In this paper, we report the CW operation at tem-
peratures up to 30°C of gain-guided double-heterostructure Gag ¢,In | (As;) |,Sb go/Al 75Gag 25A5( 06Sbg 94
lasers with emission wavelength of ~ 2.2 um. The pulsed value of J,; has been reduced to as low as
0.94 kA/cm? for L = 1000 um, the lowest room-temperature value for any semiconductor laser emitting
beyond 2 um.

The GalnAsSb and AlGaAsSb layers were grown by MBE in the manner described previously
[9].[10]. The laser structure consists of the following layers: 0.8-um-thick n-GaSb buffer, 2-um-thick
n-Alg 1Gag ,5ASq 6Sby o4 cladding, 0.4-ym-thick nominally undoped n-Ga g4In, | 4AS, |4Sby g6 active,
2-pm-thick p-Aly 15Gagy 55AS 6Sby 4 Cladding, and 0.05-um-thick p*-GaSb cap.

The surface of the laser structure is very smooth, with no visible cross-hatching, because all the
layers are closely lattice matched. Cladding layers of Al ;5Ga, ,5As) 4,Sby, o, have not been used before
in diode lasers because LPE growth of lattice-matched AlGaAsSb alloys with Al content higher than 40%
is very difficult [11].

Broad-stripe lasers 300 um wide were fabricated by a lift-off process similar to the one reported
previously [9]. To obtain low threshold currents, narrow-stripe lasers 30 um wide were fabricated by the
following process. Mesas were formed by etching the p*-GaSb and p-AlGaAsSb layers to a depth of
~ 0.2 um using a photoresist mask. The entire surface was metallized with Ti/Au to form ohmic contact
to the p*-GaSb and Schottky contact to the p-AlGaAsSb. Ohmic contact to the n-GaSb was formed by
depositing Au/Si/Ni/Ti/Au and alloying at 300°C.

The lasers were probe tested in the pulsed mode at room temperature. For the broad-stripe lasers
the emission spectrum exhibits multiple longitudinal modes centered at 2.19 um. The emission spectrum
of narrow-stripe lasers peaks at 2.17 um as a result of greater band filling, which occurs because J,,
increases with decreasing stripe width. The far-field pattern in the direction perpendicular to the junction
plane has a full width at half-maximum of 78°.

Figure 3-6 shows the dependence of J;, on L for broad-stripe lasers. As L increases from 300 to
1000 ym, J,, decreases monoton‘cally from 1.3 to 0.94 kA/cm?. For comparison, the data previously
reported (9] for lasers with Al, sGa sAs ,,Sby, 4 cladding layers are also shown. For the same L, J,; is
about 30% lower for the devices with higher Al content. The reduction in J,; was achieved not only by
tighter optical confinement but also by the improvement in the lattice matching of the cladding layers.

For CW operation, narrow-stripe lasers 300 um long were mounted junction side down on copper
heatsinks with In solder. The series resistance in the forward direction is 12 Q. Figure 3-7 shows the CW
output power vs current (P-I) for a device measured at several heatsink temperatures. A pyroelectric detector
with a mechanical chopper measured the power. Output powers as high as 10.5 and 4.6 mW/facet were obtained
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at heatsink temperatures of 5 and 20°C, respectively. CW operation is observed up to 30°C, where the
maximum power is 0.9 mW/facet. The only previously reported CW power level for GalnAsSb/AlGaAsSb
lasers is ~ 1 mW, which was obtained at room temperature for devices grown by LPE [6]. The kinks in
the P-I curves result from the instability of the near-field pattern, a characteristic commonly observed for
gain-guided GaAs/AlGaAs lasers [12]. Observations with a PbS camera showed the near-field pattern to
have three or four filaments whose relative intensities change with the current level.

Figure 3-8 shows the threshold current of the same device as a function of heatsink temperature
for both pulsed and CW operation. The CW threshold current increases from 117 mA at 5°C to 257 mA
at 30°C. These values are 12 and 77 mA higher than the respective pulsed values because the junction
temperatures are higher under CW operation. The value of T}, for pulsed operation is 49 K between 5 and
35°C, and 44 K between 35 and 55°C. These values are comparable to those reported previously [9],[13].
For CW operation, the T}, values are much smaller than the respective pulsed values because the differ-
ence between the junction and heatsink temperatures increases with the heatsink temperature. At a
heatsink temperature of 25°C, the CW value of T, is only 25 K.
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Figure 3-8.  Dependence of threshold current on temperature for pulsed and CW operation of the diode laser of
Figure 3-7.
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4. SUBMICROMETER TECHNOLOGY

4.1 EXCIMER-LASER-INDUCED SUB-0.5-um PATTERNING OF WO, THIN FILMS

A new type of excimer-induced solid state transformation is reported, namely, structural changes
in amorphous WQO,. Unlike ablation or melting, for instance, the changes in WO; do not involve a phase
transformation but rather atomic rearrangements within the amorphous phase. As shown below, these
subtle modifications nevertheless have a significant impact on the macroscopic optical and chemical
properties of the material. We have exploited these effects to use WO, as an all-dry inorganic photoresist
at 193 nm and have demonstrated negative-tone patterning with submicrometer resolution. WO, has been
studied extensively as an electrochromic material [1]-[3] and also as an ion-beam resist [4] and electron-
beam resist [5]. In these resist applications the particle beam reduces the solubility in alkaline solutions
by a process that has not been fully identified. In fact, the electron-beam-induced transformation [5] may
be related to the photoinduced process described in this report.

In our studies, the deposition of WO, thin films is performed in a plasma-enhanced chemical vapor
deposition (PECVD) system. A 13.56-MHz RF plasma is generated in a 1:4:1 mixture of WF, O,, and
H, at a total pressure of 40 mTorr and a dc self-bias voltage of —200 V. The substrates are held near room
temperature. Deposition rates of ~ 10 nm/min are obtained on a variety of substrates, including Si(100),
SiO, thermally grown on Si, fused silica, and a range of carbon-based thin films, such as PECVD
hydrogenated amorphous carbon (a-C:H), AZ photoresist, and poly(methyl methacrylate) (PMMA). The
PECVD WO, films are amorphous and electrically resistive. Their optical properties are similar to those
found by Deb [1]: the index of refraction at 632.8 nm is in the range from 1.85 to 2.2, and the absorption
coefficient increases rapidly at wavelengths below ~ 340 nm. At 193 nm, the absorption length is ~ 50
nm. Monochromatic x-ray photoelectron spectroscopy (XPS) indicates that the stoichiometry of these
films is WO, (F, ,. The flourine 1s XPS peak has a binding energy of 684.2 eV, which can be attributed
to nonvolatile WF, [6] incorporated in the WO, matrix. Fourier-transform infrared spectroscopy shows
that, unlike WO, films grown by other methods [3],[7]. the PECVD WO, does not adsorb water, even
after weeks of exposure to ambient air.

Following deposition, the WO; films are exposed to 193-nm radiation from an ArF excimer laser
and are then etched in a low-power RF plasma of CF,. The laser-irradiated WO, has an etch rate up to
~ 5 times lower than that of the as-deposited WO,. Figure 4-1 illustrates this effect. At an RF power
density of 16 mW/cm?, the unirradiated film is etched at a rate of 1 nm/min, while a film exposed to one
pulse of 25 mJ/cm? is etched at ~ 0.2 nm/min. The etch selectivity all but disappears at power densities
above ~ 150 mW/cm?. Apparently, the laser-induced changes in the WO, film are correlated with dif-
ferential etching in a fluorine chemistry only as long as the etchant concentration is relatively low.

In order to elucidate the underlying cause of the difference in etch rates, we have performed XPS
studies on WO, films that were partially etched in CF,. The spectra are taken with a monochromatized
Al x-ray source at several takeoff angles. Some of the more prominent results are summarized in Figure
4-2. which shows the spectra of the fluorine 1s photoelectron in WO, films exposed to four different laser
and plasma conditions. The fluorine in as-deposited WO, has a single binding energy of 684.2 eV, which
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is attributed to WF, [6], as mentioned above. Its atomic concentration relative to that of tungsten is 0.2
which, assuming WF, bonding, implies that ~ 5% of the tungsten atoms are fluorinated and the rest are
oxidized. Indeed, the oxygen-to-tungsten atomic ratio is 2.9, which translates into full oxidation (WO;)
of the 95% tungsten atoms that are not fluorinated. The F 1s spectra of three WO; films following exposure
to a 32-mW/cm? CF, plasma are also shown in Figure 4-2. The spectra of the film that had not been
irradiated by the laser and the one that had been irradiated by one 10-mJ/cm? pulse are similar to each
other and different from the spectra of the as-deposited film. The difference manifests itself in the
appearance of a pronounced peak at a binding energy of 688.0 £ 0.2 eV. Analytical curve fitting clearly
indicates the existence of a third, weaker peak at 686.2 + 0.3 eV. These two binding energies are
attributed to fluorine atoms in the form of WF, (686.2 eV) [6] and CF, (688.0 eV) [8]. At the 45° takeoff
angle used in Figure 4-2, the atomic ratio of fluorine to tungsten is ~ 0.34 (as compared to 0.20 for the
as-deposited film). Of the F atoms in the film, ~ 62% are in the form of WF,, ~ 5% are as WF,, and
~ 33% are as CF,. For the WO, irradiated with one 25- mJ/cm? pulse, the amount of CF, is sngmﬁcantly
reduced, as seen in Figure 4-2. Indeed quantitative analysis shows that the F:W atomlc ratio is ~ 0.26,
and ~ 75% of the F are as WF,, ~ 12% are as WF, and ~ 13% are as CF,. Furthermore, angle-dependent
XPS indicates that in the 25-mJ/cm? WO, the CF, and WF components fall off rapidly with depth below
the surface, while in the WO, that has not been 1rrad1ated or has been irradiated with one 10-mJ/cm?
pulse, the non-WF, components decay much more gradually with increasing depth.

The conclusions that can be drawn from the XPS results are (1) that increased etch rates of WO,
in CF, plasma are correlated with increased amounts of CF, and WF, at and below the surface being
etched. and (2) that excimer laser irradiation prior to etching reduces both the formation at the surface
of CF, and the range of penetration below the surface of CF and WF,. The CF, species at the surface
are probably nonvolatile products of the plasma, and their density is apparently related to that of the
etchant radicals. The presence of WF; at and below the surface is somewhat surprising. since WF is thought
to be a volatile product of the etch process. The small amounts of WF, that were detected in our studies
are probably molccules trapped in the reaction layer. Similar surface-bound WF, and SiF; have been
reported in the plasma etching of W [9] and Si [10], respectively.

Our results can be understood with reference to the structure of amorphous WQ,, which is thought
to comprise WO()‘6 octahedra arranged in randomly packed clusters [11],[12]. The clusters enclose pores
whose size and distribution are expected to be strongly dependent on the deposition conditions and on
postdeposition treatments. As deposited, our films apparently have large enough voids to accommodate
small, fluorine-containing radicals generated in the CF, plasma, even to a depth of several nanometers.
Etching by these radicals can therefore proceed at a fast rate. Pulsed laser irradiation at 15 to 30 mJ/cm?
per pulse disrupts the initial packing and enables rearrangement into denser clusters with smaller voids.
The surface area open to chemical attack by the etchants is reduced, and so is their penetration depth.
i.e., the thickness of the reaction layer. The XPS data and the etch rate values are consistent with this
model.

The thresholdlike dependence on fluence of the laser-induced effects indicates that the material
transformation has a large thermal component. Indecd, heating WO, films in an oven in the range from
200 to 300°C leads to similar changes in etch rate. Above 300°C, a transformation from amorphous to
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polycrystalline takes place, as determined by x-ray diffraction. The main difference between the laser-
exposed and the oven-heated WO; films lies in their morphology: the former are smooth and uniform,
whereas the latter exhibit cracks and pits indicative of large thermal stresses. Preliminary results of
modeling the thermal behavior during and after an excimer laser pulse do not seem to corroborate a
purely thermal model. For 150 nm of WO, on Si, a 25-mJ/cm? pulse raises the surface temperature to
~ 120°C for only a few nanoseconds. At the WO,/Si interface the maximum temperature rise is only
~ 55°C. These temperature excursions are insufficient in oven-heating experiments to change the CF,
etch rate. Further modeling and experiments are required to determine the extent of nonthermal effects
operative in the excimer-induced process.
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Figure 4-3. Scanning electron micrographs of nominally (a) 0.5-um and (b) 0.35-um lines and spaces patterned
in an all-dry bilayer. First. a 1-um-thick a-C:H layer was deposited hy PECVD, and then a 75-nm-thick WO,
imaging layver was deposited, also by PECVD. Next, exposure was performed in projection with a 193-nm excimer
laser in one 20-mIiem? pulse, followed by drv development in a low-power CF 4 plasma and pattern transfer through
the a-C:H layer in an O, reactive ion etching plasma.

The etch selectivity suggests the use of WO, as a dry-deposited, dry-developed, negative-tone
inorganic photoresist at 193 nm. Figure 4-3 demonstrates the sub-0.5-um resolution attained when 75 nm
of WO, was deposited on a 1-um-thick carbon-based film in a lithographic bilayer configuration. Pat-
terned laser exposure was performed in projection with a 0.5-numerical-aperture (NA) Schwarzschild
objective, with one 20-mJ/cm? pulse. The development was carried out in a CF, plasma for 15 min, followed
by O, reactive ion etching for pattern transfer. We note that the high etch selectivity in CF, plasma between
exposed and unexposed areas, combined with the excellent resistance of WO, to O, plasma, enables the
use of this inorganic photoresist at thicknesses that are an order of magnitude smaller than those of more
conventional, polymer-based photoresists. The reduced thickness makes possible the use of high-resolu-
tion. high-NA imaging systems, which have small depths of focus.
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In conclusion, we have demonstrated the applicability of WO, as a dry-deposited, dry-developed
photoresist at 193 nm. Submicrometer patterning is readily achieved with single pulses of 15- to 25-mJ/cm?
fluence followed by development in fluorine-based RF plasma. The laser-induced reaction is thought to
involve a structural transformation of WO,, which results in a more densely packed material and con-
sequently in a reduced plasma etch rate. Laser-induced area-selective controlled changes in pore size may
lend themselves also to a variety of nonlithographic applications where localized heterogeneous chemical
reactions are desirable.

M. Rothschild
A. R. Forte

4.2 FAST ROOM-TEMPERATURE GROWTH OF SiO, FILMS BY
MOLECULAR-LAYER DOSING

The scaling of microelectronic devices requires controlled, low-temperature methods for the growth of
dielectric films. Process-induced thermal degradation must be avoided in smaller devices where interdiffusion
is more critical, and deposition must often be into deeper and more recessed structures, e.g., trenches, in
increasingly three-dimensional devices.

In this repor, we describe a technique for film growth based on the room-temperature reaction of
adsorbed molecular layers of water and silicon (or metal) halides. The technique has been developed
primarily to obtain continuous, conformal, hermetic SiO, films at thicknesses below 30 nm. The adlayer
dosing technique is based on conditioning substrates to critical, prescribed coverages of adsorbed water
and then reacting this layer with SiCl,. In the sense that it takes advantage of high molecular surface
mobility and the self-assembly characteristics of adsorbates, the approach is similar to that of atomic-
layer epitaxy. However, to achieve low process temperature, hydrolytic rather than pyrolytic reactions are
used. These reactions are run continuously by controlling the adsorbate species in steady-state equilibrium
with a mixed vapor or by sequential cyciing of ambients. Similar hydrolytic reactions have been studied
for several polymer modification applications [13],[14]. Nakano et al. [15] have demonstrated a concep-
tually similar technique for SiO, growth by metered cycling of SiH, and discharged oxygen.

The steps in this new technique are as follows: (1) Normal hydrophilic substrates are loaded into a
turbomolecular-pumped vacuum system (base pressure, mid-10"7 Torr). In practice, nearly all silicon process
wafers (bare, thin film, or resist-coated) will support the technique. However, for uniformity, we standardized
to oxygen-plasma-ashed wafers for the experiments reported below. (2) The substrates are dosed with water
vapor at a pressure between 0.2 and ~ 3 Torr. Near room temperature, this pressure is sufficient to consistently
form a multilayer of adsorbed H,O. (3) The excess water is rapidly evacuated to retard homogeneous vapor-
phase reactions. (4) An ambient pressure (~ 5 Torr) of SiCl, vapor is introduced and allowed to react with
the adsorbed water layer. (5) The SiCl, vapor is purged and the cycle is repeated for layer-by-layer growth.
In our system this sequence is automated using computer control, with electronic valves and closed-loop
feedback from the pressure sensors. In addition, the chamber walls and gas manifold are heated to ~ 50°C
to prevent the stable formation of the H,O multilayer and thereby greatly retard deposition on the apparatus.
In practice, we have found that near room temperature the surface reactions are dominant and, at the expense
of some precision in control of film thickness, step 3 can be eliminated. In this case, the reaction proceeds
continuously on the substrate surface until the depletion of reactants or the buildup of reaction products
terminates it.
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Preliminary characterizations of the silicon oxide films have been made by various methods. The index
of refraction under most growth conditions is 1.45. At least to the sensitivity of Auger electron spectroscopy
and XPS (~ 1 at.%), films are stoichiometric SiO, without detectable metallic or halogen impurities. De-
formation measurements on Si wafers at 1.0-um growth thickness show the films to be under a small tensile
stress. Capacitance-voltage measurements were conducted on films 100 to 200 nm thick grown on plasma-
ashed silicon wafers. A breakdown voltage of 8 MV/cm is achieved consistently. The interface charge is
negative at a density of 1 to 3 X 10!! cm™,

In addition, qualitative measurements of hermeticity, using pinhole-decoration etching, were performed
on films 30 to 50 nm thick. Process-related pinhole densities are extremely low and could not be quantified
1n our experiments as they were below the nominal ambient dust level in the laboratory. Resist-coated wafers,
overgrown with SiO, layers, can be immersed for an hour in acetone with no visible solvent attack of the
resist. In addition to resist technology. an important potential application, stemming from the unusual ability
of the dosing reaction to conformally coat intemnal surfaces, is trench filling for VLSI. Figure 4-4 shows
typical results of overgrowths made for this application.
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Figure 4-4. Scanning electron micrographs of silicon trenches filled by deposited oxides (cleaved profile). Note the
excellent filling and planarization of the substrate topography. Typical growth conditions are 2-Torr H,0, 5-Torr
SiCly. and ~ 15-min total growth time.
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The mechanism of the reaction has been studied in some detail using a quartz crystal microbalance
mounted within the growth chamber. Measurements were made in real time by observing the rate of
change of deposited mass and cross-calibrating the microbalance signal to final growth thicknesses using
a surface profilometer. The strongest dependences are on variations of the H,O pressure and substrate
temperature, as shown in Figures 4-5 and 4-6, respectively. At low H,O pressure, below 0.05 Torr in
Figure 4-5, there is no appreciable reaction. This result is independent of the duration of exposure and
is true over a wide temperature range near room temperature. Above ~ 0.1 Torr, the reaction rate begins
to grow exponentially. It then saturates to a nearly linear increase with H,O pressure at values exceeding
~ 0.5 Torr. The magnitudes of the exponential and linear rate increases depend on substrate temperature
and increase with a decrease in the temperature, as long as it is above 0°C (see below). From the isotherm
in Figure 4-5, note that the coverage of physisorbed H,O is already large in the region of no appreciable
reaction (< 0.05 Torr). The substrate-temperature dependence of the reaction rate at constant 0.28-Torr
H,0 and 5-Torr SiCl, pressure conditions is shown in Figure 4-6. There is a rapid increase in rate as the
substrate temperature is reduced. The rate peaks and falls rapidly at a temperature which, to the accuracy
of our absolute thermal measurements (+ 1°C), appears to be the H,O bulk-liquid freezing point (0°C).
Below this temperature, rates under all pressure conditions appear to be extremely slow. The rates also
diminish rapidly with temperature elevation above room temperature.

The nonlinear dependencies on pressure and substrate temperature are consistent with a mechanism
of growth controlled dominantly by the distinct phases of adsorbed H,0O. On SiO, surfaces [16] these are
commonly classified into (1) chemisorbed structural OH, which terminates normal oxide surfaces at
approximately monolayer (2.4 to 2.7 X 10 cm?) coverage, on top of which form (2) “coordination-
bound” H,0 and (3) hydrogen-bonded H,0. Coordination-bound H,O develops at low (< 0.1 Torr) pressure;
we tentatively associate the knee observed near 0.15 Torr in the isotherm of Figure 4-5 with the saturation
of this phase. Coordination-bound H,O is probably composed of several spectroscopically distinguishable
species. The third phase, hydrogen-bonded H,0, is characterized by high mobility and rapid equilibration
with the vapor phase. We tentatively associate the rapid reduction in rate at 0°C (Figure 4-6) with
freezing of this last species into a less reactive solidlike phase.

Above ~ 0.5-Torr H,O pressure, where the coordination-bound H,O coverage is saturated, the linear
region of the hydrogen-bonded H,O isotherm becomes dominani, and the SiCl, reaction can be thought
of as titrating the instantaneous coverage of hydrogen-bonded H,O. For example, the ratio of rates (13°C)
between I- and 2-Torr H,O pressure is 1.9, corresponding well to the ratio of 1.8 in measured hydrogen-
bonded H,O coverage. The temperature dependence in Figure 4-6 derives from the variation of the H,0
saturation vapor pressure with temperature. In passing, we note that the efficiency of the reaction mea-
sured against surface collision frequency is relatively low, ~ 10~ to 106 reactions per SiCl, surface collision,
even under fast growth conditions (12°C, 2-Torr H,O, 5-Torr SiCl,). This is consistent with the weak
adsorption of SiCl, and a relatively slow reaction of the adsorbates.

Based on the foregoing, the sensitivity of the reaction to the state of hydration of the growth surface
can be used to quantitatively control the rate of oxide deposition. We have found that this same sensitivity
can also be used for selective-area growth. To demonstrate the latter, silicon wafers were first rendered
hydrophobic (largely hydrogen terminated, see [17]) by dipping them in buffered HF and were then
exposed in air to laser radiation with a 193-nm excimer projection imaging system. Laser radiation
dislodges the hydrogen termination, permitting spontaneous oxidation and restoration of the hydrophilic
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Figure 4-5. Low H,O pressure measurements of SiO, deposition rates. The H,O adsorption isotherm (13°C) on
the growth surface, measured in the same apparatus, is shown as a dashed line.

179900-17

_ - N
o [3,] o

DEPOSITION RATE (nm/min)

[&)]

l | | |
10 15 20
TEMPERATURE (°C)

o —
(4]

Figure 4-6. Dependence of SiO, deposition on substrate temperature at fixed 0.28-Torr H,O and 5-Torr SiCl,
pressures. The solid curve is drawn as an aid to the eye.




surface properties in exposed regions. The irradiated regions then support the H,0 adsorbates. Both single
high-power (> S0 mJ/cm?) and multiple low-power (~ 100 pulses at | mJ/cm?) pulses are successful in
this surface modification. Patterned surfaces are then placed in the SiO, growth chamber where they
demonstrate selective-area growth. A 1-um spatial resolution has been achieved in the initial experiments.
Separate experiments show that, even without optimization, the rate selectivity between irradiated and
unirradiated regions exceeds 100:1 for growths to an oxide thickness range of 50 to 100 nm.

In conclusion, the molecular dosing technique produces SiO, films that are conformal, even on recessed
surfaces, and are hermetic at thicknesses of several tens of nanometers. The deposition process operates
optimally at 0 to 23°C and produces films with useful physical and dielectric properties. The process is
accurately controlled over many orders of magnitude in rate by adjusting the coverage of adsorbed H,O, and
it should be extendable to other metal oxides. Applications to trench filling and photoresists are under
development.

D. J. Ehrlich
J. Melngailis
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5. HIGH SPEED ELECTRONICS

5.1 VACUUM FIELD-EMITTER TRIODE

As a transport medium for an electronic device, vacuum offers electron velocities and a maximum
field at breakdown that are superior to those of any semiconductor. Microelectronics technology has now
progressed to the point that it appears feasible to make high-performance microelectronic devices in
which the electron current passes through a vacuum rather than through a semiconductor channel. Figure
5-1 depicts a microminiaturized analog of a traditional vacuum triode, called a vacuum field-emitter
triode (VACFET), that we are now fabricating. It consists of an array of microtriode cells, each sealed
under vacuum and containing a single knife-edge field-emission cathode. Electron flow is controlled by
grid fingers sandwiched between two Si0O, insulators, and the cufrent is collected by an anode atop the
structure. Theoretical calculations indicate that VACFETs may in the future demonstratc operating fre-
quencies, breakdown voltages, and output power levels over 10 times higher than those of conventional
Si and GaAs microelectronic devices. The fabrication technology for this device is a direct outgrowth of
our permeable base transistor technology.
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Figure 5-1. Schematic view of a VACFET. The high field between the grid and each knife-edge causes electrons
to emit from the knife-edges into the vacuum spaces. The electrons then move ballistically to the positively hiased
metal anode. A small variation in voltage on the grid causes a large variation in anode current.
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Figure S-2. VACFET shown in (a) a cross-sectional drawing and (b) an SEM. Grooves 100 nm wide are cut
through an insulator-metal-insulator sandwich, and then hafnium is evaporated to form the knife-edges us well us
to close off the vacuum spaces.

Figure 5-2(a) shows a schematic cross section of a VACFET, and Figure 5-2(b) depicts a scanning
electron micrograph (SEM) of the cross section of a fabricated device. The grating periodicity in these
devices is 0.2 um, making them by far the smallest-geometry vacuum triodes ever reported. The struc-
tures are made by first defining the grating in the insulator/metal/insulator sandwich by using laser
holography and reactive ion etching. A low-work-function material, such as hafnium, is then evaporated
through the grating to form an array of knife-edge emitters with edge radii < 5 nm and a total edge length
of 2 mm. In this fabrication process, formation of the anode and closure of the vacuum cavity are
achieved by the buildup of the evaporant used for the emitter. The anode is subsequently thickened with
an additional evaporation of aluminum. Because the vacuum seal is made in situ, there is no need to test
these devices in a vacuum system, and their electrical characteristics can be measured with a conventional
probing station after only one day of additional processing beyond the formation of the emitters. The very
small dimensions of these structures result in sharper knife-edges than have been achieved in the past
using a similar technique and, in addition, make the in situ vacuum sealing practical. The thickness of
the evaporation required to form the emitters is < 300 nm, thereby avoiding the high stress of thicker
films, which can cause peeling and roughening.

An SEM of a finished VACFET fabricated on a Si wafer is shown in Figure 5-3. The anode and
grid contacts can be seen on the top surface of the wafer. These devices have achieved anode breakdown
voltages > 50 V, but the anode current density is still relatively modest at 100 A/cm”. The fabrication
scheme allows a variety of metals to be used for emitters, and we plan to employ the structure of Figure
5-3 10 evaluate the emission properties of a range of metals so that the emitters can be optimized for
higher current densities.

C. O. Bozler
S. Rabe
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Figure 5-3. SEM of a completed VACFET. The internal vacuum cavities of the device are sealed during the
fubrication process. enabling these devices to be subsequently tested and used in circuits in the same manner as
rypical semiconductor devices.

5.2 ELECTRICAL AND STRUCTURAL CHARACTERIZATION OF GaAs VERTICAL-
SIDEWALL LAYERS GROWN BY ATOMIC LAYER EPITAXY

We report the use of chlorine ion-beam-assisted etching (IBAE) [1], atomic layer epitaxy (ALE)
[2}], and a wrap-around ohmic contucting technique to fabricate novel test structures incorporating GaAs
vertical-sidewall epilayers. The ALE was performed in an organometallic vapor phase epitaxy reactor.
Our study represents the first reported work to characterize horizontal conducting channels fabricated
with vertical-sidewall ALE epilayers. Preliminary results indicate that these layers are of sufficient quality
to support a sidewall epitaxy device technology. Some examples of candidate electronic, electrooptic, and
photonic devices are vertical transistors, waveguides, tapered-waveguide antennas [3], lasers and modu-
lators, and quantum wire and dot lasers.

The test structure, shown schematically in Figure 5-4, consists of a semi-insulating (SI) GaAs rod
about 2 um high and 75 um long that has conducting epilayers grown by ALE on the two long vertical
sidewalls and wrap-around ohmic contacts at the two ends. The rod is formed by chlorine IBAE on a SI
GaAs (100) substrate. The long axis of the rod lies along the [0T1] direction. For this orientation, ALE
yields conformal epilayers of the same thickness on both horizontal and vertical surfaces. After growtn
of the ALE layer, the wrap-around contact pads, spaced about 25 um apart, are formed by a lift-off ard
anneal process using a two-level resist and an angled-evaporation Au/Zn/Au metallization [4] scheme.
After contact formation, the horizontal epilayers deposited on the portions of the substrate and rod (top)
that are not covered by contacts are removed by calorine IBAE to isolate the test structures from one
another and to form conducting paths solely on the sidewalls. Figure 5-5 is an SEM showing a completed
test structure that has p-type (grown unintentionally doped) ALE layers 200 nm thick.




181160-7

OHMIC
CONTACT PAD

p-TYPE VERTICAL-
SIDEWALL ALE LAYERS

OHMIC
CONTACT PAD

Sl GaAs SUBSTRATE
S| GaAs ROD

Figure 54. Schematic diagram of a test structure consisting of a GaAs rod with vertical-sidewall epilayers and
wrap-around ohmic contacts.
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Figure 5-5. SEM showing a vertical-sidewall test structure.

An SEM of the cross section of an overgrown [0T1] rod is shown in Figure 5-6. A thin GaAlAs
layer was used to mark the substrate-epilayer interface in this run, and a selective etch was used to
delineate the marker. Other orientations gave various ratios of horizontal to vertical layer thickness, which
may be of interest in specific devices. Cross-sectional transmission electron micrographs (TEMs) showed
the epilayers to be of high crystalline quality. Figure 5-7 is a cross-sectional TEM showing the interface
between an overgrown rod and one of the ohmic contacts. The contact alloyed uniformly into the GaAs
epilayer with an interface roughness of ~ 80 nm.



181160-9

Figure 5-6. SEM of a cleaved and stained cross section from an overgrown rod. GaAlAs was used as an interface
marker layer.
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Figure 5-7. Cross-sectional TEM showing the interfuce between a GaAs ALE laver and an annealed ohmic
contact. The interface roughness is abour 80 nm.




The carrier concentration of the vertical-sidewall layers was determined using current saturation
measurements [5]. Based on a saturation velocity of 2.4 X 106 cm s7! for holes in GaAs, which we determined
earlier [6], the concentration-thickness product of a sidewall layer was found to be 1.5 X 10'2 cm2. The carrier
concentration measured for horizontal layers on the same wafer was 2.2 X 10'7 cm™, and the total depletion
width from the interface into the layer and the surface into the layer was 145 nm. On the assumption of
the same depletion width for the vertical layers, the active channel width for the layers is 55 nm, which

corresponds to a carrier concentration of ~ 2.8 X 10'7 cm™,
D. B. Gladden W. D. Goodhue
C. A. Wang G. A. Lincoln
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6. MICROELECTRONICS

6.1 SUPPRESSION OF CHARGED-PARTICLE EVENTS IN DEEP-DEPLETION
CCD IMAGERS

Spacebome charge-coupled device (CCD) imagers are subject to bombardment by highly energetic
particles from the Van Allen belts, cosmic rays, and secondary radiation generated by the interaction of
the external radiation with the spacecraft materials. Such radiation can generate substantial charge trails,
amounting to several thousand electrons, and for sensors operating at low signal levels such extraneous
charge can seriously obscure the desired signals. Visible-band CCD imagers are usually made on rela-
tively thin (~ 10 um) epitaxial material grown on heavily doped p-type substrates. In such devices, only
electrons generated in the epilayer are detected, since the substrate has a very low minority-carrier
lifetime. By contrast, CCD imagers intended for use as soft x-ray sensors are often made on high-
resistivity p bulk material, and in these devices the minority-carrier lifetime is high through the entire
wafer. The spurious charge created by energetic charged particles in such sensors will therefore be much
greater than that for thin epilayer devices. One solution to this problem is to etch away as much of the
substrate as possible, but this leaves the wafer more vulnerable to breakage. We have demonstrated an
alternative method using a reverse-biased n*/p junction, which reduces the charge-collection volume of
the CCD by electrical means.

Figure 6-1 illustrates a cross-sectional view of the device and the method used to reduce bulk
charge collection. The CCD used in these experiments is a 420 X 420-pixel frame-transfer imager [1],(2]
and is fabricated on p-type float-zone silicon with an acceptor concentration of 2 X 10!2 cm™3 (resistivity,
6500 Q cm). The depletion region created by the CCD gates at the upper surface of the device extends
~ 80 um into the bulk. Our method of reducing bulk charge collection is to reverse bias an n* laver on
the bottom surface with respect to the substrate. This creates a depletion region extending from the back
surface into the bulk, and any electrons generated within this region are swept to the back contact.
Fortuitously, this n* layer is introduced into the back of the wafer for gettering purposes during fabri-
cation, and therefore extra processing steps to add it to the device are not needed.

The extent of the back-surface depletion region as a function of the bias on the n* layer, or back-
junction bias, is depicted in Figure 6-2. The depletion depth was determined by capacitance-voltage
measurements. The calculated curve assumes an acceptor concentration of 2.17 X 1012 cm™3, which is in
good agreement with the value of 2.0 X 10'2 cm3 obtained by spreading-resistance measurements on
another wafer from the same lot. Of particular interest is that these spreading-resistance measurements
were performed on a wafer before any high-temperature treatment, thus indicating that our device pro-
cessing does not change the wafer resistivity. Ultrahigh-purity silicon has historically been difficult to use
because of the resistivity changes after processing steps in a high-temperature furnace.

The results in Figure 6-2 show that a substantial fraction of the substrate can be depleted by this
method. The back-junction voltages may seem high, but because of the very low p doping the peak electric
field at the n*/p junction is less than 8 X 103 V/cm at a bias of 100 V. This value is a factor of 40 below
the intrinsic breakdown field in silicon. Leakage currents across this junction are typically < 10 A at
100 V over the device area of 2.4 cm? at a temperature of —-65°C.
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Figure 6-1. Cross section of a CCD imager with a reverse-biased n* back junction. Spurious charge generated
in the lower depletion region by energetic charged particles is swept to the back junction in order to prevent
collection of this charge by the CCD wells.
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n* back junction. The back-surface depletion region was measured as a function of bias using capacitance-voltage
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To test the effectiveness of this concept for reducing charged-particle events, a device was cooled
to =75°C and irradiated by a weak Co% source. The 7y rays from this source generate energetic electrons
in the device primarily from Compton scattering, and these electrons in turn lose energy by ionizing
additional carriers. The ionization events detected by the CCD were measured as a function of the back-
junction voltage. Figure 6-3 shows histograms of the quantity of charge per pixel from the device over
a 30-s integration period for various back-junction voltages. In Figure 6-4, we show the number of
instances in which a pixel registered more that 15 e* (30 above the device noise of 5 ) as a function
of bias. In both cases the suppression of the ionization events by the back depletion region is evident.

B. E. Burke
M. J. Cooper
B. B. Kosicki

6.2 MODELING OF PROTON-INDUCED VACANCY GENERATION IN Si

A CCD imager placed in orbit in the Van Allen radiation belts is subject to bombardment by
energetic particles, with protons being the most prevalent species. These protons, with energies ranging
from a few thousand to several hundred million electron volts, produce electron traps in the CCD that
interfere with the charge-transfer efficiency of the device. These defects are believed to be created by the
complexing of bombardment-induced vacancies with P dopant atoms in the buried channel [3]. Therefore,
it is desirable to model vacancy generation in Si under proton bombardment, so that the level of degra-
dation can be predicted and the effects of different proton spectra can be assessed. A program that can
make these predictions is TRIM (TRansport of lons in Matter), which exists in the public domain but runs
at relatively slow rates. On a personal computer, up to 3 days may be needed to obtain meaningful data.
Furthermore, limitations arise in modeling the behavior of protons as they decelerate to an energy < 1 keV
(where many defects are formed in the lattice).

As a first step toward overcoming these difficulties, a computer program has been created that
accurately predicts the differential generation rate of vacancies with run times of 20 min or less. The code
is based on the modifications of Ziegler et al. [4] to the nuclear scattering theory of Lindhard et al. [5].
In this theory. the energy transferred to a target atom from a projectile atom depends on the mass, charge,
atomic number, and relative velocity of the two particles, as well as the impact parameter (the distance
of closest approach of the two particles if they were noninteracting). The effects of the first four of these
parameters are simple to calculate, but the value of the impact parameter is probabilistic in nature. The
TRIM program uses a Monte Carlo approach to generate the scattering parameters (including the kinetic
energy transferred during an elastic collision) for many incident particles, where the impact parameter is
controlled by a random number generator. On the other hand, the approach taken in the present program
is to weight the impact parameter with the scattering cross section and numerically obtain the average
kinetic energy transferred per collision, with all other operations in the model being performed analyti-
cally. Averaging the impact parameter in this fashion does limit the statistical spread of the results
obtained, but for both techniques the calculations of the mean and standard deviation of the kinetic energy
transferred agree quite well.
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Figure 6-3. Histograms showing the frequency of charge events resulting from Co™ irradiation for various values

of back-junction bias.
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Figure 6-5. Differential vacancy production in Si by energetic protons.

The results of the calculation for generation of vacancies per nanometer per proton are shown in
Figure 6-5 as a function of the proton energy. This differential generation rate applies to the ions as they
first strike the Si surface or after they have decelerated to a specific energy within the Si. The total
number of vacancies n generated by an ion as it passes from depth X, to X, in Si is given by

X,
v=J' 2dv(E) (6.1)

X, dx

where dV(E)/dx is the energy-dependent generation rate shown in Figure 6-5. The stopping cross section
and range of protons in Si are well known [4], so for an incident energy E it is possible to solve for
the energy of the proton at distances between X, and X, and thereby to calculate v. It is apparent that
the agreement is good between the analytical model and TRIM; the worst agreement is under those
conditions where TRIM was run for periods of only several hours. The data include the vacancies that
are generated by Si recoils moving through the lattice, that is, all the vacancies generated in a cascade.
The Si recoils are emitted at an angle of 70 to 90° away from the incident proton velocity vector and
travel less than 36 nm, so most of the vacancies are created at a depth near that of the primary recoil
before it was displaced. Figure 6-5 also indicates that the most damage is created at an energy of several
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thousand electron volts. It is important to note that protons striking Si with E; = 100 keV will have ~ 7 keV
of energy remaining after penetrating 800 nm of Si, i.e., after partially traversing the buried channel and
being in the vicinity of a charge packet. These considerations indicate that the interval for E, between
40 and 200 keV is the one most damaging to the CCD.

Work is under way to determine the effect of shielding on the spectrum of protons encountered at
various altitudes of the Van Allen belts. The results of this work, when convoluted with the program
described above, will predict the distribution of defects generated in the buried channel of the Si. This
will allow us to alter the level of shielding and process conditions to minimize the damage occurring in
the vicinity of the potential maximum of the buried channel, thereby improving the performance of
proton-irradiated devices.

J. A. Gregory
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7. ANALOG DEVICE TECHNOLOGY

7.1 QUAD CMOS BUFFER TO ENHANCE CCD CLOCKS

A quad CMOS buffer was produced using a 2-um CMOS/charge-coupled-device (CCD) process
developed for Lincoln Laboratory at Orbit Semiconductor, Sunnyvale, California, for the realization of
high-performance analog signal processing devices. This process technology was recently applied to the
development of a CCD correlator and a serial-parallel-serial memory. The quad CMOS buffer evolved
from the need for high-speed, full rail-to-rail (ground-to-supply) clock drive into a CCD’s typically large
capacitive load. When this project began, off-the-shelf devices were either adequately fast but not capable
of providing the full required voltage swing, or they covered the appropriate range in voltage but had
unsatisfactory rise and fall times. It was subsequently determined that the CMOS/CCD process should
be adequate for the development of an appropriate device and that this test device could be included on
the test wafer then under development for the full characterization of the intended process.

To provide the necessary performance, the CMOS buffer had to be capable of significant current
drive for high-speed operation while possessing compact layout geometry for low levels of parasitics.
Low parasitics are necessary to realize maximum speed and to minimize degradation of rail-to-rail output
voltage swing due to inductive bounce on power and ground lines. (This latter concern was a problem
in one of the tested off-the-shelf components.) It was further decided to configure the device as four
isolated units in close proximity on a single die (to facilitate their incorporation into a single package)
so that more drive could be provided by utilizing outputs from multiple buffers in parallel. Added drive
could then be used to speed up rise and fall times into a fixed capacitive load or to maintain fixed values
for rise and fall times into larger capacitive loads. Keeping the four buffers fully isolated from one
another would prevent a surge in current in one buffer from coupling electrically to the others through
a common power connection and thereby degrading their performance. Each buffer could be separately
provided with decoupling capacitors for each of their dedicated power inputs.

The adopted circuit configuration for a single buffer is depicted schematically in Figure 7-1. The
buffer consists essentially of two cascaded CMOS inverters. Two inverters are required to realize a
noninverting condition. A stage of smaller MOSFETs precedes a stage of larger ones, which minimizes
the capacitive drive requirement at the input of the buffer without compromising overall speed. The large
transistors at the output were chosen to provide sufficicnt peak current capability to drive a 25-pF
capacitive load from rail to rail (0 to 5 V) in about 1 ns. Although the design is simple, the real difficulty
with this circuit resided in the realization of the optimum geometric layout of the MOSFET devices, both
singly and in conjunction with one another, so as to minimize parasitics and thereby maximize perfor-
mance. The final optimized layout for a single buffer is shown graphically in Figure 7-2(a) and in the
photomicrograph in Figure 7-2(b). Common practice is to configure large transistors either as folded
devices or as multiple parallel devices. Because of other layout constraints, the latter of the two ap-
proaches was adopted here. With a large transistor broken up into multiple smaller transistors with shared
source and drain diffusions, parasitic resistance and capacitance are significantly reduced relative to a
single large MOSFET, and the speed of the devices is thereby correspondingly improved.
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Guard rings were incorporated around the p-type MOSFETSs as a deterrent to latchup, which can
result from the parasitic silicon-controlled-rectifier structures inherent in CMOS technology. A compact
layout of the circuit was desirable for minimum parasitics but was hampered by the fact that MOSFETs
could not be placed too close to one another without significantly increasing the risk of latchup. Care had
to be exercised in this regard. Wide traces were utilized for power and ground to minimize inductive
parasitics. To further improve performance, a decoupling capacitor was incorporated on the power line
of each isolated buffer. Finally, since CMOS is susceptible to damage from static discharge, particularly
at MOSFET gate connections, a static-protection circuit was placed at the input to each buffer.

The resultant quad CMOS bufter performed at a level commensurate with expectations. Rise and
fall times into a 25-pF capacitive load for a single buffer were measured to be about 1.2 ns with a full
rail-to-rail voltage swing. Since the device is CMOS, the standby (static) current is essentially zero. Of
no small importance is the fact that this device functioned initially as one means of characterizing the
CMOS/CCD process and as a preliminary means of verifying the accuracy of simulation results. The
buffer currently represents a necessary component in the realization of support circuitry required in the
test of CCD device prototypes.

D. B. Whitley
M. M. Seaver
D. R. Arsenault

7.2 MODES ON TWO- AND THREE-CONDUCTOR COPLANAR
TRANSMISSION LINES

Locally confined modes on coplanar parallel strip transmission lines (called coplines) and their
duals (obtained by interchanging conductor and gaps along the plane) propagate at natural characteristic
impedance levels, which can be modified only slightly by reasonable choices for transverse dimensions.
Calculations based on the quasi-TEM model and very thin conductors indicate that for a given average
separation there is greater isolation between adjoining structures for properly designed systems of three
conductors than for systems of two conductors. Figure 7-3 shows cross sections of coplines with conduc-
tors at the planar interface between two dielectric half spaces. The cross sections are complementary in
the sense that metal and gaps are interchanged; the outside conductors in Figure 7-3(b) extend to infinity.
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Figure 7-3. Cross sections of complementary coplanar lines showing (a) three conductors and (b) three slots.
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The modes that can propagate on such structures are distinguished among other properties by the
behavior of the £ and H fields at low frequency and at a distance L that is large compared with the
transverse dimensions of the conductors. Some of these modes have been named and studied extensively
in the literature and others have not. In the interest of brevity, the structures (whether strips or slots) are
here called coplines, and the useful modes are given letter designations.

When the lateral dimensions of the assemblage are small compared with a propagating wavelength
it is common to make the quasi-TEM approximation, in which the wave speed v and nominal characteristic
impedance Z, are both I" times that of free space:

v= (‘()F (7.1)
Ze =12JdnT ohms , (7.2)

where ¢ is the speed of light in free space, I' is given by

I“:[Z(—:O/(el +£2)]l/2 , (7.3)

and £, and (¢, + £,) are, respectively, the dielectric constants of free space and the two dielectric media.

Propagation is said to be common mode when all conductors, such as those shown in Figure 7-3(a),
are driven in parailel against a remote return path. For the common mode, it is necessary to know the
return path (another conductor for strips, another slot for the dual) in order to define a characteristic
impedance for the propagating wave.

Other modes are said to be compact because electric and magnetic fields drop off asymptotically
as the inverse square or cube of distance from the conductor clusters. For some of these compact modes,
the characteristic impedance is given in handbooks. When conductors are very thin compared with their
lateral dimensions, all of the expressions for the characteristic impedance take the form [1]

Zy =27, uk (7.4)

where & is a combination of ratios of dimensions and u(k) is a ratio of elliptic integrals, K '(k)/K(k). For
reasonable dimensional ratios, (k) cannot be far from unity; Z, is thus a natural impedance level for the
mode. In all cases investigated here, Z, is either Z_ or Z_/4.

Babinet's principle [2] states that if along the planar interface shown in Figure 7-3, metal is
replaced by gap. and vice versa, the new structure will have a characteristic impedance Z, given by

ZyZ, = (Z.27 . (1.5)

This equation serves to define the impedances of these complementary structures. Table 7-1 arbitrarily
names the various compact modes and gives the voltage excitation and natural impedance level. Note that
a three-conductor configuration is called a triline and that the outside conductors are called flankers.

56




Observe a simularity between the P-mode triline with very wide flankers (row 3) and the infinite
flanker FC mude (row 1). They are not really the same; all entries in the right-hand column have infinitely
wide flankers. To avoid exciting the common mode, triline drive must be generally unbalaaced so that
drive +V to a center conductor is accompanied by drive —{V to the others, as in Table 7-1, where { is
a complicated function of a, b, and ¢. In terms of dimensions 2a and 2b (see Figure 7-3), calculations
show that the parameter ¢ drops to zero as a — o only as 2b/ma.

For well-separated transmission lines, cross talk can be calculated from asymptotic formulas for the
ticlds trom one such line. The results are summarized in Table 7-2. They give only the amplitude of the
electri coupling and do not take account of possibly differing values of Z, in different modes on the lines
being coupled. (The quasi-TEM assumption implies that the magnetic coupling is the same as the electric.)

TABLE 7-1
Dual Compact Modes

Isolated Conductors

Slots Incised in Infinite Plane

_V +V C +V 0
— — — — =
B mode FC mode
Balanced pair Single conductor with flanking
Z,=2, ground plancs
Z,=2./4
-V 0 +V 0+V+V O
_ — — - —— >
S mode FP mode
Triline Two conductors driven in parallel

Outer pair with balanced drive
Center conductor grounded

against flanking ground planes
2, =2./4

Zn = Zs
=LV 2V LV,
P mode FS mode
Voltages are unbalanced unless Balanced pair with flanking ground
a2 =02+ c? planes

Z.=2/4

Drive current of +LV/Z, to flankers
Z,=2,
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TABLE 7-2

Intermodal Cross Talk Between Distant Cdplines (or Between Their Duals)

To Pickup Line with Dimensions (a.3,7) or («.f3) at Distance L
From Source Line with P Mode
Dimensions (a,b,c) B Mode S Mode ?=f24 42
or (b,c) - Common Mode (Dual: FC) (Dual: FP) (Dual: FS) -
B Mode (b/rL)(q) (bA/rL2)f(q) (bA/nL2)f(q) (bA2/2r:L3)1(q)
(Dual: FC)
S Mode (a/nL)f(q) (aA/nL2)f(q) (aA/nL2)l(q) (aA%/2zL3)1(q)
(Dual: FP)
P Mode (ab/nL2)f(q) (2abA/rL3)f(q) (2abA/rL3)i(q) (3abA?/2zL%)i(q)
a?=>b%+c?
(Dual: FS)
A=-a+ [
fg) =1 + 22:7:1 q’"z, where q = exp (-nZ,/Z,) for the source line.

In Table 7-2, (a.b.¢) or (b.c) are the dimensions of the source transmission linc, while (a.f.p or
(o) are the dimensions of the pickup transmission line at remote distance L. For cach column of Table
7-2, the lowest coupling occurs for P-mode trilines and their duals, with remotely induced voltage varying
as /L3,

R. M. Lemer

7.3 SOLID STATE ELECTROCALORIC REFRIGERATION

At temperatures down to the liquid nitrogen range, the thermal volume expansion of a material is
the means by which thermal and clectrical properties can be coupled by electrostriction. The modest
thermal cxpansion and piezocelectric coupling of solids limit clectrocaloric heat pumps to ne-load tem-
perature differentials of only a degree or two per stage and to discouraging coefticients of performance
(COP).

To understand why an clectric or magnetic field can cause heating or cooling, it ix helpiul to think
of ordinary thermal expansion as due to thermally induced changes in the intemal pressure exerted by
a dense phonon gas, Conversely, if the volume of the material changes, the resulting change in gas
volume alters its temperature. It immediately follows that if applied fields can cause a volume change,
they can cause heating or cooling, For an applied electric field &, the effect is called electrocatoric.

The phonon gas behaves classically for temperatures down to about 1/6 of the Debye temperatuee



O),. For most materials ©,,/6 is well below 75 K. The following discussion considers the possible use
of the electrocaloric effect for refrigeration at such “ordinary” temperatures. In principle it is possible for
a substance to be electrocaloric without dimensional changes, but such phenomena are negligible [3]. The
situation is entirely different if T << ©,,/6, but that case [4] is beyond the scope of this report.

At ordinary temperatures, the fractional temperature change of the (ideal) phonon gas cannot
exceed the fractional volume change. The latter is in turn limited by the strength of materials to at most
a few percent. In fact. the actual change is less, partly because of the possibility of fatigue failure due
to repeated cycling and partly because of breakdown limits on the applied electric field strength.

Given such limits, there are two electrostrictive effects that can be used for refrigeration. The first
utilizes lattice volume changes occwrring over a range of a few degrees around the ferroelectric Curie
temperature. (Crystals of class 3m behave as antiferroelectric but can exhibit the electrocaloric effect.
Otherwise, all electrocaloric materials are also ferroelectric.) The sign of this effect does not depend on
the direction ot the dipole. The second involves volume changes resulting from body forces exerted when
a field is applied to a permanent dipole. Here. the sign of the volume change does depend on the
directions of field and dipole.

Attempts to build electrocaloric (or magnetocaloric) coolers have achieved no more than 1% in
temperature per stage. It has been suggested that larger temperature changes can be obtained by stacking
individual elements each having a AT of a degree or two. Here, the practical question is the COP. which
is the ratio of heat moved to mechanical or electrical input. For small temperature differentials AT around
absolute temperature 7. the theoretical COP is T/AT.

The COP of the stack is limited by the COP of the individual stage. Let the polar axis of a ceramic
or plastic be the ¢ axis, let d; be the volume piezoelectric coefficient, and let 8 be the volumetric tem-
perature coefficient of expansion. Then, small signal changes in volume V. entropy per unit volume §.
and electric displacement D are connect~d to changes in temperature T, pressure P. and electric field E
by the thermodynamic relations

ds = (C/, /T)(IT+(/ dE—-BdP | (7.6a)
dD=qdT +edE ~d,dP . (7.6b)
VIV = BdT +dodE —kdP (7.6¢)

where (', 15 heat capacity at constant pressure per unit volume of material. € is the dielectric constant.
and & is the isothermal compressibility, all at constant pressure: here. ¢ s the so-called secondary py-
roclectric coefficient. After various algebraic manipulations one finds that

Cp—C, =28C=BT/x (7.7)
and

g =difi/x . (7.8)
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Figure 7-4.  Electrocaloric equivalent circuit. The ideal transformer turns ratio N is determined by electric and
thermal units. The dots over D and S denote the time derivatives.

At constant pressure, Equations (7.6a), (7.6b), and (7.6c) have equivalent circuits that have been
thoroughly investigated in the domain of ultrasonic transducers. One such circuit is shown in Figure 7-4. The
nondimensional coupling coefficient k2 and turns ratio N are given by

k2 =q2T/eCp (7.9)

and

)2 (7.10)

N =k(Te/C,,

The refrigeration cycle being implemented determines the protocol for connecting the switch to

heat sink, nothing, and cold load as the input voltage is cycled (not necessarily sinusoidally). This
switching does not affect the equivalent circuit.

Thermodynamic calculations show that the effective COP of these circuits can be no greater than
the maximum theoretical COP multiplied by the energy efficiency n of the circuit as a transducer. The
most effective utilization of such circuits occurs when both input and output are made resonant. Although
no one seems to have done so, resonance can be implemented at the electrical input, even for very slow
cycles, in the form of so-called resonant charging of the input capacitor.

However. such (fast) charging may be practical only for the adiabatic parts of a refrigeration cycle:
further heat-flow-limited changes during the isothermal parts may be too slow. Moreover, there is no
thermal inductance with which to resonate the output heat capacity. The conservative option is to assume
nonresonant arrangements like those in the literature. For these, the maximum 77 is simply the coupling
coefficient k2. Use of Equations (7.7) through (7.10) and some algebra then results in

n<k2 = B(d) T/ K2C,e =[(ds)? Ixe|C/C,, (7.11)

On the far right-hand side. 1 is reduced to the product of two factors, n, and 7,. The first can be
recognized as the piczoelectric coupling coefficient for the material. The second is the relative difference
in specific heats. Both are less than unity. The maximum value for n, is < 1/3. For solids. the maximum
value of &‘/Cp is only a few percent.
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Thus, the COP of an individual stage is likely to be < 1% of the maximum theoretical COP. This
is confirmed by reports that values of AT of the order of 2 K have been achieved [5] with 85 to 90%
energy efficiency. What should have been reported was the entropy efficiency (or fraction of theoretical
COP) n. For T = 300 K and AT = 2 K, the latter is a factor of 150 lower than the former. Such per-
formance must compete with practical room-temperature refrigerators whose COP is roughly 30% of
theoretical, and with mechanical cryocoolers that operate with COPs that are 10 to 20% of theoretical.

No concatenation of such stages will improve the resuit. One concludes that for temperatures above
©,,/6, the electrocaloric cooler is not an attractive or competitive means of refrigeration.

R. M. Lemer
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